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[  On September 13, 1999, Omoa Bay (Fatu Hiva Island, French
Polynesia) was struck by 2 to 5 m high water waves: several
buildings were flooded and destroyed but no lives were lest.
Observations gathered during a post-event survey revealed the
recent collapse into the sea of 2 300 x 300 m?, at least 20-m thick,
cliff located 5 km southeast of Omea. This cliff failure most
certainly triggered the tsunami waves since the cliff was reported
mtact 45 min earlier. We simulate the tsunami generation due to a
subaerial landsiide, using a finite~difference model assimilating the
fandslide to a flow of granular material. Numerical medeling
shows that a 0.0024-km’ landslide Jocated in the presumed source
arga accounts for the tsunami waves reported in Omeoa Bay. We
show that the striking amplification ohserved in Omoa Bay is
refated to the trapping of waves due to the shallow submarine shelf
surrounding the island. INDEX TERMS: 3020 Marine Geology
and Geophysics: Littoral processes; 4255 Qceanography: General:
Numerical modeling; 4564 Oceanography: Physical: Tsmamis and
storm surges; 9355 Information Related to Geographic Region:
Pacific Ocean

1. Introduction

[2] On Septermber I3, 1999, at 22:45 UTC (13:15 local time}
two stocessive 2- to 5-m high seawaves struck the shore of Onoa
Bay on Fatu Hiva Island (Marquesas Tslands, French Polynesia)
{(Figure 1}). In particular, they flooded several rooms at the local
school, smashing windows and depositing up to 25 ¢m of sand in
the teachers’ office. Fortunately, the principal and feachers man-
aged 1o evacuate the pupils out of the classroom just before the
second {and larger) wave, so that a disaster was avoided and no
injuries resuited. A nearby concrete building was severely dam-
aged. This event was also observed in Hanavave Bay, 4 km to the
north of Omoa, but here maximal water height did not exceed 1.9
m. Due to their particular coastal shape, the Marquesas Islands are
prone to Jocal amplification in response to tsunamis generated by
earthquakes occuring at the Pacific Rim [Guibowrg et al,, 1997,
Heinvich et al., 1998z; Hébert er al, 2001]. However neither a
Pacific-wide tsunami nor wave observations on tide gages avail-
able in French Polynesia were reported on that day, and thus the
event was quickly identified as being of local origin, with very
localized damage.

[3] Omn the following meming, local residents discovered a
major fresh landslide along a cliff located about 5 km from: Omoa.
As seen on a photograph (Figure 2) taken three weeks later during
the post-event survey erganized by four members of the Interna-
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tional Tsunami Survey Team [Fryer et al, 2000; Okal et al., The
tandslide and tsunami of 13 September 1999 in Fatu Hiva
(Marquesas, French Polynesia), submitted to Bulll Sec. Géol
France, 20017, the slide is at least 300-m high by 300-m wide,
A key report by a local fisherman stated that the cliff was intact as
of 12:30 local time, indicating beyond doubt that the landslide
caused the tsunami and the waves in Omoa Bay.

[4] In this paper we provide a numerical modeling of the 1999
Faty Hiva landshde and tsupami, using & method which was
recently applied successfully to model subaerial or submarine mass
slumps, some of them followed by tsunamis [Heinrich et al.
1998b, 2000, 2001a, 2001b]. We show that a subaerial 0.0024
km?® landsfide, initiated in the area of the cliff failure, can trigger a
tsumami reaching Omoa Bay 4 minuotes later and producing 2- to 5-
m high water waves. We discuss this result and stress the influence
of the local submarine bathymefry on the coastal trapping of
unami waves,

2. Model and Data
2.1, Landslide

[s] We assume that the body of rock suddenly loses its
equilibrium and slides downslope under gravity forces. The land-
slide is treated as a Puid-like flow of gramudar material, following
the approach proposed by Savage and Hutter [1989]. The slide
thickness 15 much smaller than the characteristic slide length, thus
mass and momentum conservation equations are depth-averaged
over the thickuess: this allows ns to ignore the precise mechanical
behavior within the flow. The deformation is assumad to be
essentially located i a thin boundary layer near the bed surface.
Energy dissipation is then neglected within the flow and is limited
to basal friction modeled by a Coulomb-type friction law. This law
iy stmilar to g friction faw for a rigid block on an inclined plane; it
assumes a copstant ratio of the shear stress to the normal stress at
the base and involves a dynamic friction angle  between the rough
bed and the mass.

[6] Our approach of a fluid-like flow is commonly used to
mede] landsiides considered as viscous flows [Jiang and Leblond,
1992, Rabinovich et al., 1999, Assier-Rzadkiewicz et al., 2000].
Arguably, the flow of a granular maferial may be inappropriate
for a cliff faifure, and a rigid body rock made of blocks possibly
interacting with each other [Tinf er al, 1999} may be more
realistic. However it has to be noted that slide duration is short in
our case, and that pressure forces due to height gradients arve
small compared to the gravity and to the Coulomb basal friction.
Our method takes into account these two governing forces, and
the resulting equations of mass (1) and momentum (2} conserva-
tion, written in a (x, ¥} coordinate system linked to the top-
ography, read:
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Figure 1. Bathymetric map around Fatu Hiva Island. Contours
digitized from French hydrographic (SHOM) maos are displayed at
250 m intervals. The black star indicates the location of the
sibaerial lapdslide identified on Figlre 2; the gray star indicates
the location used for the additional computation, with the source
shifted southeast. The computational domain is shown as the
dashed box. Insert shows the location of the Marquesas Islands in
the Pacific Ocean. Fatu Hiva Island is indicated by the white
square.
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with & = | - p,./p. and F = —k gh cosOtangu/|[u]] where w = (1, v)
is the depth-averaged velocity vecior parallel fo the bed, # is the
slide thickness perpendicular to the stope, p,, and p, are the water
and rock densities with a ratic p/p,, = 2. 8 (x, ¥} is the loca] steepest
slope angle, 8, and B, are the slope angles along the x- and y-axes
respectively.

2.2, Tsonsmi

[7] The shallow water model (long wave theory) can be applied
to the tsunami as Jong as wavelengths remain much larger than the
water depth. In our case we tind that the wavelength/depth ratio is
cuiite small (about 10} and characteristic dimensions of the slide are
close to the water depth, implying probabie dispersive effects in the
propagation. We thus fall in the Ymit of the shallow water
approximation. However the propagation duration is rather shert
{4 min) and corresponds to about 3 to 4 wavelengths, thus
frequency dispersive effects remain small. In addition, mumericat
models similar to ows have been proved to deal properly with
amplitude dispersive effects close to shore and due to shoaling

effects, where the wave amplitudes become larger than the water
depth [Titoy and Synolakis, 1995].

[#] Equations governing the landslide and the tsunam: prop-
agationt are similar and are thus selved uging the same Godunov-
type scheme, extended to second ovder by using the concept of
Vankeer {dlerudo and Garcia-Navarro, 1993; Mangeney et al.,
20007, This medel is particularly adapted to deal with nonlinear
waves. The time history of seabottom deformation resulting from
the landslide is introduced as a known forcing term {cos®) ™ Gh/Ot
in the mass conservation equation of the fsunami model. Finally,
owr model also aliows the computsiion of nundation {um-up)
heights provided topographic data are available at the receiving
shore.

2.3. Data

{9} Bathymetric data are required o model the propagation of
the tsunami waves around the island. We digitized depth contours
ranging from —2000 ap to 0 m on map 7354 of the French
Hydrographic Service (SHOM) (scale: 1:70000), with refined
coatours ranging from —50 to —2 m taken from the 1:10000
sketch around Omoa Bay. Topographic data must also be added in
Omoa Day in order to compuie run-up heights. However such
topographic data ave not available up to now for Fatez Hiva Island,
56 we gathered observations reported and photographs taken
during the post-event survey, allowing us to build contours from
0 to 10 m. The resulting & x 7-kin® grid, with an about 20-m cell
size, encompasses the cliff faifure area and Omoa Bay (limits
shown in Figure 1).

3. Results and Discussion

f10] In a first approach, two different initial volumes (0.0012
and 0.0024 km®) were tested for a landslide located in the
prestmed source area. The friction angle was chosen as ¢ = 30°,
consistent with cases of subaerial landslides [Voight, 1979]. Max-
imal water heights computed in Omea Bay for the smallest initial
volume range from | o 2 m in the bay {Figure 3b) and reach no
more than 3 m close to the school location, not satisfactorily
explining the observed inuadations. For the largest volume,
Figure 3a displays maximal water heights computed in Omoa
Bay after an 8-min propagation time. Values range from 1 to 5
m lfocally (about 4 m near the school} and the water penetration is
observed to be 100 to 200 m inland. A aumerical gage located in
the bay shows that the firel wave is a positive 3-m high wave
reaching the bay after a 5-min propagation, followed about 2
minutes later by a second, 2.5 m, wave, with an about 2-min
spacing in between. These results are in good agreement with
eyewitness reports [Frver ef al, 2000; Okal er al., subm]. In

Figure 2. Photograph tfaken by the post-event survey team on
Oct. 5, 1999, at the location indicated by the black star on Figure i
The surface area involved in the chff failure can be estimated as
300 x 300 m*
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Figure 3. (a) Maximal water heights computed in Omoa Bay
after an &-min propagation are shown with l-m contowrs. The
dashed white line corresponds to the shoreline at rest. The white
triangle displays the location of the school where waves at least
3-m high were reported. The munerical gage used during the
computation is shown as the black disk. (b Water heights
obfained at this gage for the 0.0024-km® event simulation (solid
ting), the 0.0012-km® event simulation (dashed line}, and the
shifted 0.0024-km” event (dotted line) are plotted as a function of
the propagation time.

addition, this modeling defines a realistic volume for the Jandshide
that triggered the tsunami, suggesting a thickness of about 27 m
{about 13 m for the smaller 0.0012 km® volume) for the 300 x 306
m® slide identified during the post-event survey.

it1] In order to investigate the behavior of tsimami waves
around Fatu Hiva Islnd during the 1999 event, we plot the
maxinal water heights reached after an 8-min modeling time in
the whole computational domain (Figure 4a). This map indicates
the spatial distribution of the tsunami energy, #nd particularly the
focusing towards Omoa Bay through a particular behavior of the
waves. Indeed part of the energy seems to have been refracted
about 2 km off shore and then redirected towards the coast. This
corresponds to 2 trapping of the waves due te the seafloor top-
ography: the area where submarine slopes are the steepest defines a
nartow band that separates two domains with different mean water
depths A (less than 200 m and more than 1000 m), hence with
contrasting wave velocities ¢ = (gh)”g, The smalier 0.6012-km?
event located at the same source provokes the same frapping and
focusing, however with smaller amplitudes reaching Omoa Bay
{(Figure 3b and Figare 4b).

[i2] These edge waves evidenced in owr vesults are one type of
topographically trapped waves that can be generated from any
disturbance located clese to shore [Mysak, 1980], and that prop-
agate in a sloping domain. Whatever the slide volume, modelings
underline fhe same trapping of the waves eastward and westward,
owing to the presence of a similar submarine shelf surrounding the
island. To test the behavior of the edge waves we simulated a
fictitiouy event triggered in a bay located abowut 2 km southeast of
the 3prcvious source. This shifted event, involving the same 0.0024-
km” slide volume, produces a similar wave refraction and energy
frapping, though wave heights higher than 3 mt do net propagate far
away (Figure 4c¢). The focusing area for this shiffed source is
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shifted southward from Omoa Bay, so that maximal water heights
do not exceed | m at Omeoa (Figure 3b)

[13] These different compufations show that the distance of
focusing between the sowce and the site of highest onshore
amplification essentially depends on the distance between the
source and the shelf break. Ht is noteworthy that the BW prolonga-
tion of the submarine coastal shelf (<200 m deep) located at about
10°32'S does not influence the focusing of the tsunami waves.
Preliminary test computations carried out without this bathymetric

‘high did not change the results.
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Figure 4. Maximal water heights are shown after an 8-min
modeling time, for the 0.0024-km® event {a), the 0.0012-km’
event (b}, and the 0.0024-km’ shifted event (¢} (in this case, the
longitudinal extent of the computational domain has been
increased). Note that the gray scale is not linear to deal with
high values reached around the area of failure. Dashed lives are
the bathymetric values contoured at 206 m intervals.
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[14] The trapping of waves arctnd islands has been recently
evaked for tsunamis induced by earthqualkes, showing in particular
amplification on the lee side of the island, with respect io the
direction of propagation. Observations and results of laboratory
experiments [Yeh ef al, 1994] as wel! as mumerical modeling
fPiatanesi and Tinti, 1998] contributed to evidence and demon-
strate such phenomena. The behavior of the waves depends on
their spectral characteristics and on the bathymetric profiles.
However these studies dealt with long waves due to seismological
sources located offshore, We show here a trapping of higher
freguency waves induced by a landslide located onshore, that
results in & significant inundation. In addition, edge waves are
expected to be generated all the more efficiently as their source is
located closer to the shoreline [Mysak, 1980].

[t5] Numerous signs of previous chff collapses have been
teported on Fatu Hiva, that may bave already triggered similar
local tsunamis. These tsunamis are not directly related to active
volcanic eruptions, but they can result in substantial damage with
respect to the size of their sowrce. The growth of coastal settle-
ments in recent decades has significantly increased their associated
hazards, as is the case in the Norwegian fords {Harbitz ot ol
19937 and in other voleanic istands |[Tinst et al, 20007, kn Light of
our results, the assessment of such harards can be realistically
refined through adequaie hydrodynamic numerical modelings,
provided the bathymetry is known around the island and in the
first tens of meters onshore. Along threatened shores of istands and
continents, source areas potentially dangerous to inhabited sites
could be defined and their hazards mitigated. Such an approach has
been undertaken on a larger scale for Southern California coastal
sites threatened by submarine landslides which could pessibly
rigger locally devastating tsunamis [Borrero et al., 2001}

4, Cenclusions

{16} The 1999 tsunami in Fatu IMiva (Marquesas Islands, French
Polynesia} has been successfilly simulated through our numerical
model of the landslide as a fluid-like flow followed by a tsunami.
Our results confitm that the cliff faihwe identified during the post-
event survey can have triggered the 2- to 5-m high tsunam: waves
reported in Omoa Bay, with an initial volume of 00024 ko in
agreement with gathered observations. We evidence a trapping of
the waves on the coastal shelf, less than 200 m deep, that results in
a particular focusing of the energy towards Omoa Bay. Considering
this topographic trapping of the waves, the 1999 event cceurred in
a source area of particular danger to Omoa Bay. Qur validated
numerical model should aflow us to improve the mitigation of such
local tsunami hazards throngh relevant simulations in other poten-
tiafly threatened coastal areas.
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